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INTRODUCTION 


The  Naval  Facilities  Engineering  Command  (NAVFAC)  has  tasked  the 
Naval  Civil  Engineering  Laboratory  (NCEL)  to  evaluate  the  heat  recovery 
incinerator  (HRI)  technology  for  application  to  Navy  shore  activities. 
NCEL  has  developed  criteria  to  be  used  as  guidance  in  determining  whether 
a  Navy  activity  can  benefit  economically  from  the  use  of  an  HRI  in  dis¬ 
posing  of  solid  wastes.  These  decision  criteria  have  been  incorporated 
into  a  publication  titled  "Heat  Recovery  Incinerator  (HRI)  Application 
Guide"  (Ref  1). 

The  HRI  model  was  one  of  the  tools  developed  by  NCEL  to  facilitate 
the  use  of  the  HRI  Application  Guide.  The  model  determines  the  economic 
liability  or  profitability  of  conceptual  candidate  HRI  plant  designs  for 
a  given  Navy  activity.  The  model  also  dimensions  the  Influence  of  the 
various  techno-economic  factors  on  the  cost /benefit  results  for  the 
conceptual  HRI  facility  when  it  is  operational.  This  analysis  will  be 
used  in  the  decision-to-construct  process. 

This  report  presents  data  on  the  correlations  (and  their 
sensitivities)  that  exist  between  the  major  design  techno-economic 
parameters  and  a  conceptual  plant's  economic  viability.  These  data 
result  from  systematic  exercising  of  the  model.  These  sensitivity  data 
are  presented  so  that,  in  conceptually  designing  the  optimum  candidate 
HRI  facility  sought  for  a  given  Navy  activity,  the  responsible  design 
engineer  will  fully  appreciate  and  take  advantage  of  the  way  individual 
techno-economic  factors  impact  the  ultimate  cost/benefit  pay-offs.  In 
this  way,  the  ultimate  decision  to  construct  or  abandon  an  HRI  project 
will  be  made  only  after  faulty  system  designs  have  been  identified  and 
corrected.  Some  Navy  HRI  projects  have  been  approved  and  others  rejected 
on  the  basis  of  questionable  system  designs.  The  study  reported  here 
provides  a  more  logical  and  consistent  approach. 


BACKGROUND 

The  HRI  Application  Guide  was  specifically  developed  to  provide  a 
logical  approach  whether  to  install  an  HRI  plant.  The  HRI  Application 
Guide  tells  the  user  how  to  proceed  systematically  through  a  diagrammed 
decision  matrix  wherein  data  requirements  that  must  be  input  for  the 
decision  process  are  developed  at  three  progressively  refined  levels  of 
iteration.  In  this  data  development  and  analysis  process,  the  HRI  Model 
is  a  tool  that  serves  to  determine  as  to  whether  a  conceptual  HRI  candidate 
project  would  be  cost  beneficial  relative  to  the  processes  already  in 
place  for  waste  disposal  and  steam  generation. 

Use  of  the  HRI  Model  on  a  microcomputer  is  explained  in  the  NCEL 
terminal-handbook,  "User's  Manual  for  the  Heat  Recovery  Incinerator  (HRI) 
Model"  (Ref  2).  The  model  assumes  that  solid  waste  is  disposed  of  in  a 


landfill  and  that  some  kind  of  fossil  fuel  is  being  burned  to  generate 
steam  for  use  at  the  Navy  activity;  either  of  these  processes  may  be 
internal  or  contracted  services.  The  model  does  not  consider  the  HRI  as 
being  coupled  to  a  turboelectric  generator  since,  in  order  to  be  cost 
effective,  the  solid  waste  throughput  would  have  to  be  considerably  more 
than  the  typical  large  Navy  activity  generates.  The  model  also  assumes 
that  the  HRI  has  been  selected  for  the  primary  function  of  disposing  of 
sorted  (possibly)  but  otherwise  unprocessed  solid  waste  (although  cofiring 
of  other  waste  and  conventional  fuels  is  permitted)  and  not  as  a  system 
that  has  been  designed  primarily  for  fossil  fuel  firing  with  a  secondary 
capability  of  firing  specially  prepared  refuse  derived  fuels  (RDF). 
Although  not  considered  here,  the  latter  scenario  is  now  being  studied 
at  NCEL  and  should  later  lead  to  documentationt  to:  (1)  identify  any 
Navy-qualif table  RDF  materials  that  are  found  to  be  reasonably  marketable, 
and  (2)  define  optimum  usage  of  such  materials  in  existing  Navy  boilers 
or  in  multiple-fuel-capable  boiler  designs  now  being  considered  by  the 
Navy  for  future  construction. 

The  various  terms  used  in  this  report  are  defined  in  Appendix  A. 

The  techno-economic  inputs  called  by  the  model  will  be  discussed  in  some 
detail  later  but  for  immediate  reference  purposes  are  shown  in  Appendix  B. 
The  information  format  used  in  Appendix  B  actually  comprises  the  input 
data  screens  presented  to  the  user  by  the  program.  It  can  be  seen  in 
Appendix  B  that  consideration  is  given  to  every  aspect  of  facility  design, 
construction,  operation,  reliability/availability /maintenance  (RAM),  and 
financing.  As  pointed  out  later,  the  values  appearing  on  the  screens 
are  considered  to  be  about  what  are  average  for  an  HRI  plant  installed 
at  an  average  sized,  typical  Navy  activity. 

The  outputs  of  the  model  are  all  tabulated  on  a  single  sheet,  titled 
"The  1IRI  Cost  and  Performance  Report.”  This  is  presented  as  the  last 
page  of  Appendix  B.  The  program  generates  six  categories  of  Information, 
all  of  which  are  important  to  consider  in  deciding  whether  to  install  an 
HRI  or  to  stay  with  the  status  quo.  In  the  first  category,  the  life 
cycle  cost  of  the  proposed  system  is  computed  by  combining  user  inputs 
for  the  cost  of  capital,  operation  and  maintenance,  and  system  downtime 
due  to  failures.  This  cost  is  then  compared  to  the  sum  of  the  costs  of 
(1)  using  a  conventional  fossil  fuel  fired  steam  generator  to  produce 
the  equivalent  steam  energy  output  for  the  HRI  life  cycle,  and  (2)  dis¬ 
posal  at  a  landfill  of  the  solid  waste  that  would  be  eliminated  by  oper¬ 
ating  the  HRI. 

The  second  category  of  model  output  information  is  the  amount  of 
1 imited-re8ource ,  prime  (not  reclaimed)  fuel,  such  as  petroleum  fuels 
and  natural  gas,  that  is  saved  annually,  as  barrels  of  oil  equivalent 
(BOE) ,  by  firing  solid  and  possibly  other  wastes. 

A  third  output  category  addressed  by  the  model  is  the  landfill 
capacity  that  is  annually  conserved  by  using  the  HRI.  Because  no  prac¬ 
tical  disposal  technique  can  completely  eliminate  the  need  for  some 
landfill  availability,  conservation  of  landfills  through  maximum  reduc¬ 
tion  of  the  waste  volume  is  often  economically  important  in  the  long 
term.  However,  if  there  are  ample  nearby  landfill  sites,  an  HRI  project 
probably  cannot  be  justified  from  the  start. 


2 


This  report  also  includes  as  a  fourth  category  of  information- 
output:  the  discounted  life  cycle  costs  and  savings  provided  by  the 
modelled  HRI  per  ton  of  solid  waste  fired  and  per  million  Btus  of  steam 
generated.  These  data  are  very  useful  in  making  comparisons  with  other 
systems  whether  their  function  is  basically  one  of  waste  disposal  or  of 
energy  generation  or  both. 

The  two  final  output  categories  of  the  model  are  by  far  the  most 
important.  These  are:  Savings-to-Investment  Ratio  (SIR)  and  the  HRI 
total  payback  period  (including  project  lead-time).  These,  of  course, 
are  ultimate  considerations  in  driving  the  decision  process  to  the  proper 
conclusion.  Additionally,  13  other  figures  of  merit  are  generated  as 
outputs  by  the  model  that  can  be  categorized  together  with  one  or  the 
other  of  these  two  key  parameters. 

In  the  section  following,  the  software  of  the  HRI  model  is  briefly 
described  and  introduced  for  optional  study  as  an  appendix.  In  the  sub¬ 
sequent  section  of  this  report,  the  results  of  the  sensitivity  analyses 
performed  are  presented.  The  empirical  functions  describing  the 
relationships  of  the  techno-economic  input  variables  with  respect  to 
selected  parameters  from  each  of  the  six  output  categories  just  dis¬ 
cussed  are  tabulated  and  graphically  presented.  Comments  on  the  signif¬ 
icance  of  these  operators  in  considering  preliminary  plant  designs , 
operating  cycles,  and  future  changes  in  disposal  practices  are  included 
in  the  discussion. 


THE  HRI  MODEL  SOFTWARE 

The  computer  program  of  the  HRI  model  is  listed  in  Appendix  C.  The 
language  is  BASIC  and  is  assembled  for  use  in  CP/M  mode  on  a  floppy  disk 
microcomputer  equipped  with  two  disk  drives.  The  software  was  developed 
on  an  Apple  II  computer  and  has  been  debugged  and  extensively  exercised 
on  the  same  type  microcomputer. 

The  costing  practices  observed  in  the  development  of  the  HRI  Model 
software  are  in  conformity  with  NAVFAC  P-442  (Ref  3).  A  possible  excep¬ 
tion  is  the  specification  of  a  15-year  life  expectancy  for  the  HRI  plant, 
but  this  is  only  provided  as  a  default  value.  The  user  is  free  to  input 
any  project  lifespan  he  wishes,  including  the  25-year  facility  life 
specified  in  P-442  for  conventionally  fueled  steam  generators. 

The  mathematical  subroutines  effected  by  the  HRI  Model  in  achieving 
output  results  are  explained  in  Reference  2.  Appendix  C  may  be  consulted 
if  a  more  detailed  study  of  the  techno-economic  functions  is  desired. 


THE  HRI  BASE  CASE  EXERCISED  IN  THE  ANALYSIS 

In  order  to  evaluate  the  interrelationships  of  the  input /output 
(I/O)  model  parameters,  it  was  necessary  to  select  some  base  case  to 
represent  the  typical  HRI  plant  that  would  fit  the  requirements  of  the 
average  Navy  activity.  The  accuracy  of  the  definition  of  this  base  case 
is  actually  not  critically  important  since  small  deviations  from  true 
average  values  do  not  significantly  affect  the  comparative  relationships 
(functions)  of  the  I/O  parameters  with  respect  to  each  other  but  only 


offset  to  some  varying  degree  the  relative  scaling  of  each.  If  these 
deviations  from  true  averages  assume  larger  proportions,  then  the 
parametric  relationship  can  be  affected,  but  only  if  the  functions  are 
nonlinear. 

The  values  assigned  for  the  model  case  are  shown  on  the  HRI  Model 
input  screens  which,  as  mentioned  earlier,  are  tabulated  herein  as 
Appendix  B.  A  brief  explanation  of  the  use  of  the  input  data  follows. 

Screen  1 — The  inputs  for  current  month  and  year  represent  the  actual 
time  the  analysis  is  performed.  Inflation  rates  are  specified  and  reflect 
any  differential  rates  that  may  operate  between  the  factors  considered 
in  the  analysis.  Inflation  rates  are  applied  to  the  variously  dated 
input  costs  until  initial  funding  occurs  when  standard  NAVFAC  P-442  dis¬ 
counting  is  observed.  Project  lead  time  allows  for  distribution  and 
discounting  of  the  involved  costs  over  the  project  lead  time  period. 

The  economic  life  of  the  HRI  is  its  expected  term  of  beneficial  occu¬ 
pancy.  As  noted  earlier,  this  has  been  set  at  15  years  rather  than  the 
25-year  period  specified  for  steam  generators  in  NAVFAC  P-442  because  of 
the  more  deleterious  stoking /combustion  conditions  that  HRIs  experience 
in  comparison  to  fossil  fuel  fired  boilers. 

Screen  2 — Capital  costs  shown  on  this  screen  are  dated  and  broken 
down  into  discrete  categories.  This  is  an  optional  journal  procedure 
since  line  item  entrees  are  ignored  by  the  model  in  fav-'r  of  subtotals. 
Similarly,  subtotals  are  ignored  if  an  entry  for  Total  Capital  Costs  is 
made  at  the  top  of  Screen  3.  Thus,  in  Appendix  B  the  subtotals  are 
entered  while  the  line  items  are  not  journalized. 

Screen  3 — In  addition  to  total  capital  costs,  allowances  are  made 
for  expected  major  modifications  of  the  plant.  These  can  be  dated  up 
through  the  entire  economic  life  of  the  plant  and  will  be  accordingly 
discounted.  The  type  of  modifications  can  include  both  augmentative  and 
restorative  operations,  for  example,  plant  expansion  through  the  addi¬ 
tion  of  a  new  boiler  or  installation  of  new  refractory  in  the  HRIs, 
respectively. 

Screen  4 — Manpower  requirements  are  broken  down  Into  operation  and 
preventive /corrective  maintenance.  Wage  rates  are  burdened  to  allow  for 
fringe  benefits  and  acceleration,  which  amounts  to  about  40%  incrementa¬ 
tion  of  pay  scale.  Full  burdening  as  done  at  NIFI  activities  is  not 
considered  applicable  since  the  inputs  to  the  model  itself  consider  the 
overhead  charges  normally  going  onto  NIFI  burdens.  Assignment  of  opera¬ 
tional  personnel  to  maintenance  procedures  during  outages  is  taken  into 
account.  The  assumption  is  that  the  balance,  if  any,  of  their  time  will 
be  reassigned  to  other  duties  and  will  not  be  assessed  against  HRI  O&M. 

Screen  5 — Cost  of  consumables  includes  all  requirements  for  the 
plant.  Power  consumption  takes  into  account  the  plant  mode  of  operation. 
Fuel  usage,  for  auxiliary  firing  and  operation  of  ancillary  equipment 
such  as  front-end  loaders,  is  broken  down  into  "virgin"  and  other  fuels. 
The  former  type  fuels  are  those  that  the  Navy  seeks  reduced  usage  of 
(fuel  oils  and  natural  gas),  while  the  "other"  category  includes  fuels 
that  offset  the  virgin  fuels  and  can  include  waste  fuels  (e.g.,  JP  fuels 
rejected  as  being  out  of  specification),  other  solid  waste  fuels 
(bagasse,  wood  chips,  etc.)  and  fossil  fuels  that  are  domestically  in 
potential  long  supply,  such  as  coal,  peat,  shale  oil,  and  the  various 
coal  derived  fuels. 
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Screen  6 — In  addition  to  several  more  maintenance  cost  factors, 
costs  are  given  for  solid  waste  disposal.  These  costs  are  broken  down 
into  the  three  categories  of  waste  that  the  HR1  is  involved  with,  which 
include  nonburnable  waste,  ash,  and  as-received  material.  Disposal  costs 
for  the  latter  represent  a  saving  when  the  HRI  is  operating  but  become  a 
debit  if  the  HRI  is  down  and  must  divert  waste. 

Screen  7 — Other  costs  are  special  entries  that  can  include  capital 
(C) ,  energy  (E) ,  landfill  (L) ,  or  other  (0)  costs.  These  may  be  input 
as  fixed  or  conditional  modifications  after  a  model  case  has  been  devel¬ 
oped.  For  the  present  exercise.  Screen  7  was  not  used. 

Screen  8 — Many  of  the  key  design  and  operational  factors  are  input 
to  this  screen  and  are  largely  self-explanatory.  A  possible  exception 
is  the  specification  of  furnace  type  (refractory  or  water  walled).  This 
input  implements  a  procedure  for  correcting  for  the  differences  in  wall 
heat  losses  of  the  two  furnace  types  when  shut  down  during  scheduled  or 
unanticipated  outages.  Also  the  mathematical  application  of  estimated 
maximum  HRI  downtime  may  not  be  obvious.  The  distribution  of  HRI  down¬ 
times  is  assumed  to  be  log-normal  and  the  user's  estimate  of  the  maximum 
duration  of  downtime  is  required  to  scale  that  function. 

THE  ANALYTICAL  APPROACH 

This  section  describes  the  approach  used  to  determine  how  the  various 
operating  and  cost  factors  (input  parameters  to  the  HRI  model)  affect 
the  cost  benefits  of  an  HRI  plant.  The  HRI  cost  benefit  analysis  program 
described  above  is  essentially  intended  for  the  analysis  of  a  specific 
HRI  installation,  which  some  user  or  user's  consultant  has  developed  as 
being  appropriate  to  his  particular  activity.  On  the  present  undertaking, 
the  specific  conceptual  HRI  plant  usually  input  to  the  model  was  replaced 
with  the  base  case  HRI.  The  program  was  then  repetitively  run  with  the 
selected  parameters  being  varied  over  predetermined  ranges  at  arbitrarily 
fixed  intervals. 

The  summary  report  sheets  obtained  from  these  exercises  were  then 
plotted  using  the  Tektronix  4052  ADP  plotting  system.  Empirical  equations 
were  generated  by  polynomial  regression  by  the  same  computer /plotter  for 
each  of  the  curves  generated.  These  expressions  were  abbreviated  to 
eliminate  inconsequential  terms  and  are  tabulated  here  as  Appendix  D. 

These  equations  may  be  used  to  predict  the  behavior  of  the  particular 
variable  beyond  the  range  examined  in  this  study.  The  user  should,  how¬ 
ever,  be  aware  of  the  possibility  of  incurring  significant  error  when 
empirical  equations  are  exercised  outside  of  the  range  in  which  they 
were  developed. 

The  input  data  for  the  base  HRI  case  were  derived  from  existing  HRI 
facilities  costs  and  construction  and  operating  conditions  (e.g..  Ref  4) 
and  provide  a  reasonable  reference  point  from  which  to  execute  variations 
in  the  input  parameters.  The  independent  variables  were  usually  operated 
over  rather  broad  ranges,  ones  that  would  not  likely  be  exceeded  in  actual 
engineering  practice.  In  most  cases,  the  range  of  variation  has  been 
arbitrarily  assigned  and  generally  is  not  more  then  50%  above  or  below 
the  base  case  value. 


The  independent  variables  that  are  discussed  in  this  section  have 
been  divided  into  the  following  four  groups:  (1)  costs,  (2)  inflation 
rates,  (3)  plant  performance,  and  (4)  other  design  criteria.  Each  group 
is  individually  discussed,  with  particular  emphasis  being  given  the  com¬ 
parative  impact  on  cost  benefits  each  of  the  group  members  was  found  to 
exhibit. 


HRI  COSTS 

The  first  group  of  independent  variables  comprises  cost  parameters 
which  include:  capital  costs,  disposal  costs,  and  cost  of  producing 
steam  from  an  existing  fossil  fuel  boiler. 

HRI  Capital  Costs 

Heat  recovery  incinerator  capital  costs  refer  to  the  total  equip¬ 
ment  and  construction  expenses  for  erecting  an  HRI  plant.  In  addition 
to  entering  the  capital  cost  figures,  the  year  in  which  the  money  is 
anticipated  to  be  spent  must  also  be  entered  into  the  computer  model, 
since  inflation  factors  need  to  be  applied  to  such  costs. 

Capital  costs  are  a  major  fraction  of  the  total  investment  cost  of 
an  HRI  facility.  As  shown  in  Figures  1  and  2,  the  discounted  life  cycle 
cost  (LCC) ,  discounted  life  cycle  savings  (LCS) ,  and  payback  period  (the 
number  of  years  required  for  the  savings  to  equal  the  costs)  all  vary 
linearly  with  varying  capital  costs.  The  savings-to-investment  ratio 
(SIR)  decreases  exponentially  with  increasing  capital  cost,  approximated 
by  a  second  order  function.  Because  the  rate  of  change  for  a  second 
order  curve  is  dependent  on  the  specific  location  of  the  point  on  the 
plot ,  the  accuracy  of  the  capital  cost  value  used  is  important  in  esti¬ 
mating  its  effect  on  SIR  (unlike  LCC,  LCS,  or  payback  period).  While 
the  data  used  are  indeed  of  reasonable  accuracy,  the  variations  are 
essentially  manipulations  that  would  not  likely  occur  within  a  population 
of  properly  designed  HRI  plants.  The  competitive  bidding  process  would 
likely  ensure  that  the  average  (stabilized)  dollar  cost  for  a  given  HRI 
purchase  specification  package  would  not  vary  greatly  from  one  CONUS 
activity  to  another.  The  key  lesson  that  is  to  be  learned  from  Figures  1 
and  2  is  that  designers  should  avoid  frills,  excessive  redundancy,  over- 
designed  components,  and  other  liberalities  that  can  drive  capital  costs 
up  and  render  the  resultant  facility  cost-ineffective. 

Solid  Waste  Disposal  Costs 

In  contrast  to  the  somewhat  artificial  variation  in  capital  costs 
practiced  above,  a  variation  in  disposal  costs  is  a  very  real  and 
expectable  thing.  The  scale  range  used  ($0-50)  is  not  heavily 
exaggerated,  since  costs  of  landfill  disposal  may  soon  approach  the 
$50/ton  level  in  certain  parts  of  the  country.  Landfill  disposal  costs 
are,  in  fact,  one  of  the  principal  factors  incentivizing  solid  waste 
managers  towards  the  construction  of  waste-to-energy  plants. 
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Fortunately,  however,  the  sensitivity  of  payback  and  SIR  to  varia¬ 
tions  in  disposal  costs  is  not  as  acute  as  it  is  to  capital  costs.  This 
is  apparent  from  Figures  1  and  2.  This  is,  of  course,  due  to  the  pre¬ 
dominant  role  capital  costs  play  in  the  initial  (lead  time)  investment 
term,  which  is  the  denominator  in  both  of  the  above  expressions.  In 
contrast,  LCC  and  LCS  are  more  profoundly  influenced  by  disposal  costs 
(see  Figure  2) ,  since  these  cost  benefit  terms  deal  only  with  the 
discounted  costs  and  savings  which  are  accrued  over  the  entire  economic 
life  of  the  plant. 

The  fact  that  the  difference  between  LCS  and  LCC  does  not  appear  to 
change  over  the  range  of  disposal  costs  observed  merely  results  from  the 
fact  that  disposal  costs  for  ash,  oversized,  and  noncombustibles  are 
also  increasing,  assumedly  at  the  same  rate  as  the  regular  disposal  costs 
Since  the  solid  wastes  emanating  from  the  HR1  are  a  fixed  fraction  of 
what  is  received,  the  slopes  of  the  LCS  and  LCC  curves  should  thus  be 
the  same,  if  all  other  factors  remain  the  same.  It  will  be  noted  that 
the  difference  in  LCC  and  LCS  is  less  than  the  capital  cost  of  the  base 
case;  this  does  not  mean,  however,  that  the  plant  will  be  unprofitable. 
The  capital  cost  is  not  a  discounted  value  and  cannot  therefore  be 
directly  compared.  The  magnitude  of  the  difference  does,  however,  point 
up  the  justification  for  recovering  energy  in  the  process  of  reducing 
disposal  volume. 

Cost  of  Producing  Steam  From  an  Existing  Fossil  Fuel  Boiler 

Another  cost  that  is  an  input  parameter  to  the  HR1  model  is  that 
for  operating  a  pre-existing  fossil  fuel  boiler  to  provide  the  same 
amount  of  steam  energy  that  would  result  from  the  operation  (zero  down¬ 
time)  of  the  HRI  design  selected  for  input  to  the  model.  The  input 
includes  the  cost  of  steam  produced  by  the  fossil  fuel  boiler  in  units 
of  dollars  per  million  British  thermal  units  (MBtu) ,  and  the  year  for 
which  this  cost  was  derived.  This  implies  that  the  user  knows  what  he 
is  paying  for  steam,  a  cost  easily  determined  only  if  the  steam  is 
bought  from  the  outside.  If  it  is  produced  by  the  PWD  utility  division, 
the  cost  will  not  be  so  easily  fixed,  since  typically  only  fuel  costs, 
unburdened  operating  labor  costs,  and  repair  bills  are  recorded.  Some 
activities  do  maintain  comprehensive  steam  cost  data  that  include  life 
cycle  costs  of  plant,  maintenance  labor,  labor  burden,  and  many  other 
cost  items.  Based  on  such  data,  the  standard  case  value  entered  in  the 
model  was  $9/MBtu  and  was  varied  ±33%  in  the  HRI  study. 

Given  a  competitively  acquired  and  efficiently  run  fossil-fuel 
boiler  plant  that  exhibits  a  RAM  reasonably  near  the  median,  the  prin¬ 
cipal  operator  that  will  impact  steam  cost  is  the  cost  of  fuel.  This, 
of  course,  is  volatile  enough  that  one  could  expect  a  range  of  variation 
in  steam  costs  of  the  magnitude  employed  here.  Thus,  as  one  examines 
the  strong  reactions  of  the  dependent  cost /benefit  parameters  to  fossil- 
fuel-based  steam  costs,  one  can  essentially  predict  how  the  attractive¬ 
ness  of  an  HRI  steam  plant  will  be  enhanced  as  fuel  costs  rise. 

The  behavior  of  the  four  dependent  cost  variables  to  fossil-fuel- 
based  steam  is  shown  in  Figures  3  and  4.  As  could  be  expected,  the  HRI 
LC  Savings  (Figure  3)  are  dramatically  influenced  by  changes  in  costs  of 
conventionally  generated  steam.  This  is  because  HRI  LC  Savings  are 


derived  from  energy,  waste  disposal,  and  other  savings.  The  energy  term, 
which  contains  the  cost  of  steam  conventionally  generated  and  HRI  total 
energy  costs,  is  a  dominant  factor.  Thus,  the  attractiveness  of  the  HRI 
investment  will  hinge  critically  on  what  an  activity  is  already  paying 
to  generate  steam.  A  well-managed,  coal-fired  plant  will  likely  prove 
hard  competition,  thus  making  the  other  HRI  LC  Savings  factors  (e.g., 
high  solid  waste  disposal  costs)  prime  movers  in  the  decision-to-construct 
process. 

Discounted  Life  Cycle  Cost  of  the  HRI  proves  much  less  sensitive 
(Figure  3)  to  cost  of  conventionally  generated  steam.  This  is  because 
the  steam  term  only  enters  the  comprehensive  cost-of-doing-business 
expression  in  the  downtime  cost.  Thus,  a  33%  increase  in  cost  of  con¬ 
ventionally  generated  steam  increases  the  HRI  LC  Cost  by  less  than  7%. 

A  similar  situation  is  obtained  when  looking  at  SIR  (Figure  4).  Here, 
the  HRI  LC  savings  are  essentially  compared  to  inflation-normalized 
capital  and  engineering  costs.  Because  the  former  term  is  dominated  by 
the  cost  of  conventionally  generated  steam  and  the  HRI,  in  a  right  fit 
situation,  is  apparently  an  attractive  investment  otherwise,  the  SIR 
shows  a  strong  response  to  steam  cost  variation.  A  33%  increase  in  the 
cost  of  generating  steam  from  fossil  fuel  at  a  Navy  activity  will  result 
in  a  30%  increase  in  the  SIR  for  the  modeled  HRI  plant  displacing  some 
of  that  production.  The  payback  period  is  arithmetically  more  complicated 
than  SIR  even  though  the  same  economic  expressions  are  involved.  The 
discounting  process  exponentiates  the  function,  giving  the  result  shown 
in  Figure  4.  Here  a  33%  increase  in  conventional  steam  cost  will  decrease 
payback  period  by  only  about  10%,  while  a  like  steam  cost  decrease  results 
in  a  23%  increase  in  payback  time.  Because  of  this  peculiar  sensitivity 
and  the  earlier  mentioned  dominance  of  fuel  cost  on  the  cost  of  generating 
steam  with  fossil  fuels.  Investment  in  an  HRI  must  involve  a  hard  look 
at  probable  future  trends  in  fuel  costs. 


COST  OF  MONEY 

In  the  foregoing  discussion,  the  sensitivity  of  HRI  costs  normalized 
for  inflation  was  discussed.  In  this  subsection,  the  influence  of  infla¬ 
tion  rates  themselves  is  considered.  Because  the  impact  of  Inflation  on 
capital  and  engineering  costs  is  well  known,  project  lead  times  are  typi¬ 
cally  held  to  a  minimum.  What  is  often  not  considered  is  the  effect  on 
costs  that  differences  in  inflation  rates  between  commodities  have. 

Such  differences  are  particularly  noteworthy  in  the  case  of  fossil  fuel 
and  solid  waste  disposal  costs  and  can  influence  the  cost/benefits  of  a 
project  over  its  entire  economic  life. 

In  the  present  model,  inflation  rates  allow  for  both  a  differential 
energy  inflation  rate  and  differential  landfill  inflation  rate.  These 
differential  inflation  rates  allow  the  user  to  inflate  energy  or  landfill 
costs  at  a  higher  rate  than  general  Inflation  that  is  applied  to  the 
balance  of  the  HRI  cost  components.  Based  on  trends  that  operated  at 
the  time  (but  which  today  may  well  no  longer  apply),  the  two  differential 
inflation  rates  were  set  at  twice  that  of  the  general  rate  of  inflation, 
which  was  taken  to  be  5%.  These  energy  and  disposal  cost  Inflation  rates, 
each  thus  set  at  10%,  were  actually  considerably  less  than  what  prevailed 
a  few  years  ago. 


Energy  Cost  Inflation 

The  differential  energy  inflation  rate  affects  both  the  cost  of 
operating  the  fossil-fuel  fired  steam  generator  with  which  the  HRI  is 
compared  and  the  various  quantities  (sometimes  none)  of  auxiliary  fuel 
burned  during  start-up  and,  perhaps,  routine  operation  of  the  HRI.  For 
the  present  analysis,  variation  of  energy  inflation  rate  about  the  default 
value  of  10%  was  not  attempted  because  a  stabilization  of  fuel  costs  had 
occurred  after  the  default  value  was  set.  The  variation  applied,  there¬ 
fore,  was  to  start  the  range  at  the  general  inflation  rate  of  5%  and 
then  increase  it  10  percentage  points  above  that  to  15%.  Thus,  the 
inflation  rate  of  10%  for  energy  and  landfill  disposal  costs  used  in  the 
standard  case  locates  midpoint  in  the  differential  range.  The  results 
are  shown  in  Figures  5  and  6. 

It  can  be  seen  that  the  HRI  Life  Cycle  Savings  (LCS)  increase  dramat¬ 
ically  with  energy  inflation  rate  while  the  increases  in  HRI  Life  Cycle 
Cost  (LCC) ,  while  much  less,  are  nonetheless  at  about  the  same  rate  as 
the  energy  inflation  rate.  The  results  are  entirely  analogous  with  those 
obtained  when  steam  costs  are  varied.  HRI  LCS  derive  from  conventional 
energy,  landfill  disposal,  and  "other"  costs  savings.  Energy  dominates 
in  this  relationship  and  the  cost  of  fuel  dominates  energy  costs  such 
that  inflation  of  energy  costs  (through  fuel  price  increases)  results  in 
a  skyrocketing  appeal  developing  for  the  waste-to-energy  concept. 

Landfill  Disposal  Cost  Inflation 

The  economic  impact  of  the  landfill  disposal  cost  inflation  rate  is 
similar  in  principal  with  that  of  energy  costs  but  not  as  potent.  For 
example,  as  energy  cost  inflation  increases  above  general  inflation  from 
0  to  10  percentage  points,  HRI  LCS  increases  197%  while  the  same  parameter 
is  increased  by  "only"  30%  when  solid  waste  disposal  costs  are  increased 
by  the  same  amount .  This  is  consistent  with  the  analysis  discussed  earlier 
concerning  Figures  1  and  2  where  it  was  found  that  the  relative  (no  infla¬ 
tion)  cost  of  solid  waste  disposal  did  have  a  modest  impact  on  cost /benefit 
parameters. 


PLANT  PERFORMANCE 

Plant  performance,  which  is  the  third  group  of  independent  variables 
to  which  cost/benefit  parameters  are  sensitive,  includes  the  following 
factors:  (1)  thermal  efficiency,  (2)  ratio  of  wet  ash  to  solid  waste 
input,  and  (3)  operating  scenario. 

Thermal  Efficiency 

As  used  in  the  model,  thermal  efficiency  is  simply  expressed  as  the 
ratio  of  the  design  rates  of  steam  energy  output  to  thermal  energy 
available  from  the  combustion  of  the  solid  waste  and  any  auxiliary  fuel. 
The  HRI  thermal  efficiency  proved  to  be  one  of  the  more  potent  input 
parameters,  with  only  capital  cost  and  conventional  steam  costs  exhibiting 
a  greater  influence  on  cost /benefit  parameters.  The  potency  of  this 


parameter  results  from  the  direct  relationship  of  efficiency  to  the 
savings  of  producing  steam  conventionally.  Discounted  LCC,  LCS,  payback 
period,  and  SIR  are  plotted  against  thermal  efficiency  (Figures  7  and  8) 
as  it  is  varied  from  40  to  70%.  This  range  is  somewhat  improbable  on 
the  low  end,  in  a  Navy  context  at  least,  but  achievable  at  the  high  end. 
Refractory  furnace  HRI's  equipped  with  waste  heat  boilers  typically  fur¬ 
nish  efficiencies  between  55  and  65%.  Water  wall  units,  which  are 
intrinsically  less  susceptible  to  wall  heat  losses,  provide  efficiencies 
in  the  range  of  60  to  70%. 

Because  of  the  direct  relationship  with  offset  conventional  steam 
production,  the  LCS  for  response  to  efficiency  improvement  is  impressive. 
The  LCS  increases  65%  as  the  efficiency  is  increased  30%  relative  from 
the  selected  minimum  of  40%.  Definite  benefits,  although  not  as  arith¬ 
metically  prominent,  are  also  seen  in  the  LCC,  SIR,  and  payback  period. 
The  obvious  lesson  presented  by  these  data  is  that  boiler  efficiency 
should  not  be  merely  regarded  as  a  casual  system  characteristic,  that  a 
premium  should  be  placed  on  high,  sustainable  boiler  efficiency,  and 
that  guarantees  for  boiler  efficiency  must  be  secured. 

Ash  Outhaul/Disposal  Rate 

Another  factor  that  is  a  measure  of  plant  performance  is  the  tons 
of  wet  ash  produced  per  ton  of  solid  waste  input.  This  output-to-input 
ratio  provides  the  basis  for  quantifying  the  amount  of  ash  that  must  be 
"landfilled"  -  hauled  to  a  landfill.  Typical  output-to- input  ratios 
resulting  from  the  reduction  of  waste  weight  range  from  0.2  to  0.6, 
depending  on  the  degree  of  fuel  burnout  and  the  moisture  content  of  the 
ash,  which  is  wetted  by  an  appropriate  means.  Either  end  of  this  range 
is  attainable  by  the  various  ash  handling  processes  that  are  available. 
Because  of  the  relationship  of  ash  disposal  to  solid  waste  disposal, 
which  has  been  shown  earlier  to  have  only  a  modest  effect  on  the 
cost/benefit  parameters,  variation  of  the  ratio  also  has  minor  impact, 
assuming  that  the  cost  of  disposal  for  ash  is  the  same  as  that  for  solid 
waste. 

Figures  7  and  8  illustrate  the  performance  of  LCC,  LCS,  payback 
period,  and  SIR  versus  the  ratio  of  wet  ash  output  to  solid  waste  input. 
These  data  were  generated,  however,  with  the  assumption  that  ash  can  be 
landfilled  at  the  same  cost  as  ordinary  refuse.  Present  environmental 
law  on  this  is  not  clear  and  local  regulations  may  differ  considerably. 

If  ash  is  not  permitted  to  be  disposed  of  in  a  Class  2  landfill  and  a 
hazardous  dump  must  be  used,  the  unit  disposal  cost  could  be  two  to  five 
times  higher,  depending  on  location.  The  data  shown,  therefore,  are  for 
a  best  case  situation.  In  this  case,  the  data  would  suggest  to  the 
potential  HR1  plant  operator  that  ash  disposal  costs  are  not  important 
factors  in  the  choice  between  wet  or  dry  ash  handling  systems.  This 
conclusion  should  be  avoided  until  after  specific  ash  disposal  require¬ 
ments  have  been  established.  The  model,  incidentally,  segregates  costs 
of  disposing  of  oversized  reject,  ash,  and  unprocessed  refuse  so  that 
the  model  user  can  study  the  economic  impact  of  having  to  haul  these 
various  forms  of  waste  to  different  types  of  dumps. 
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Operating  Scenario 

This  phrase  refers  to  the  number  of  hours  per  day  and  days  per  week 
the  HRI  facility  is  scheduled  to  operate.  The  HRT  model  provides  the 
user  with  five  operating  scenarios  with  which  the  user  may  match  his  own 
planned  operating  schedule.  The  purpose  of  inputting  this  information 
is  to  calculate  the  boiler  reheat  losses  associated  with  scheduled  down¬ 
time  under  the  different  shift  arrangements.  It  is  assumed  that  when 
the  capital  costs  for  the  plant  were  arrived  at,  the  sizing  of  the  plant 
was  already  based  on  the  operating  scenario  selected.  Thus,  the  model 
cannot  be  used  to  determine  the  comparative  attributes  (other  than  heat 
loss)  of  the  various  scenarios. 

In  the  standard  case  (Option  2  in  the  HRI  model),  the  operation  was 
based  on  working  three  8-hour  shifts  a  day  (24  hours),  5  days  per  week. 

The  other  four  options  include  burning  two  shifts,  5  or  7  days  per  week 
or  three  shifts,  7  or  4  days  per  week  (following  receipt  of  1  day's  refuse 
collection) .  Other  operating  scenarios  are  employed  in  the  trade  but 
are  rather  uncommon. 

While  the  model  cannot  determine  the  comparative  attributes  of  the 
various  operating  scenarios  given  a  fixed  set  of  operational  requirements, 
it  can  be  used  to  consider  the  cost  benefits  available  if  it  is  decided 
to  expand  the  throughput  of  an  existing  HRI.  If  an  operator  is  somehow 
confronted  with  an  increased  load  of  solid  waste  to  dispose  of  and  the 
activity  can  utilize  the  additional  steam  generated,  the  operator  may 
opt  to  change  the  operating  scenario  rather  than  seek  funding  for  the 
erection  of  new  facilities.  The  model  can  then  demonstrate  the  benefits 
available  from  these  scenario  changes.  This  can  be  done  for  any  incre¬ 
mental  increase  in  refuse  input.  In  the  present  study,  however,  the 
standard  case  only  was  exercised,  thus  fixing  the  firing  rate.  That  is, 
the  standard  case  requires  a  refuse  input  rate  of  250  tons/wk;  therefore, 
a  shift  to  7-day  continuous  firing  would  require  inputting  350  tons/wk. 

Given  the  operating  assumptions  just  stated,  the  SIR  and  payback 
period  behave  in  relation  to  the  five  operating  scenarios  as  seen  in 
Figures  9  and  10.  As  expected,  the  results  indicate  that  the  total  duty 
time  is  almost  directly  proportional  to  the  cost  benefits  realized. 


OTHER  ECONOMIC  FACTORS 

The  fourth  and  final  group  of  economic  factors  includes:  (1)  solid 
waste  heating  value,  (2)  plant  economic  life,  and  (3)  discount  rate. 

Solid  Waste  Heating  Value 

The  calorific  value  of  the  fuel  is  expressed  as  the  higher  heating 
value  (HHV)  and  will  vary  considerably  depending  on  the  composition  of 
the  solid  waste.  A  probable  HHV  range  for  randomly  sampled,  unprocessed 
Navy  solid  waste  would  be  between  3,500  and  6,500  Btu/lb.  Besides  geo¬ 
graphic  peculiarities,  considerable  fluctuation  in  the  composition  and, 
thus ,  the  HHV  of  Navy  activity  solid  waste  can  be  expected  from  seasonal 
and  even  diurnal  factors,  as  well  as  from  the  exercise  of  the  activity's 


mission  (e.g.,  variation  in  ship  berthings).  Nonetheless,  the  annual 
average  HHV  for  a  given  Navy  activity ,  if  determined  in  accordance  with 
I  Reference  1,  should  prove  fairly  reliable  for  HRI  design  purposes.  What 

this  value  turns  out  to  be,  however,  can  be  significantly  influenced  by 
the  resource  recovery  policies  in  practice  at  the  given  activity.  Source 
separation  of  refuse  components,  such  as  boxboard,  aluminum  cans,  bottles, 
garbage,  etc.,  can  have  a  significant  effect  on  heating  value. 

:  Changes  in  solid  waste  management  practices  or  any  other  factors 

that  affect  the  annual  average  HHV  of  solid  waste  will  have  a  pronounced 
effect  on  the  economics  of  an  HRT  facility.  This  sensitivity  results 
simply  from  the  HHV's  direct  relationship  to  the  quantity  of  steam  gen¬ 
erated  from  a  given  amount  of  solid  waste.  Shown  on  Figures  11  and  12 
are  the  LCC,  LCS ,  payback  period,  and  SIR  versus  Btu  per  pound  of  solid 
waste  input.  The  HHV  range  plotted  has  been  limited  to  between  A, 000 
\  and  6,000  Btu/lb,  since  the  annual  average  range  will  be  much  narrower 

than  the  range  for  randomly  sampled  values  mentioned  above. 

It  can  be  seen  that  the  LCS  and  SIR  increase  at  almost  the  same 
rate  as  HHV.  LCC  is  much  less  influenced  since  HHV  enters  the  HRI  cost 
base  only  when  downtime  costs  are  computed.  The  richer  the  waste  fuel, 
the  more  energy  that  must  be  generated  by  a  standby  fossil-fuel-fired 
I  boiler  per  unit  of  downtime.  The  lesson  available  from  these  data  is 

that  some  caution  should  be  exercised  in  resource  recovery  if  an  HRI  is 
to  be  operated.  Source  removal  of  valuable  inerts  (aluminum  and  glass 
containers,  nonferrous  junk,  etc.)  beneficiates  the  fuel  and  is  certainly 
commendable  if  the  separation  process  otherwise  pays  for  itself.  Removal 
,  of  combustible  fractions,  such  as  IBM  cards,  boxboard,  newspapers,  etc., 

|  is  another  matter  and  should  be  given  some  thought .  Boxboard  now  sells 

for  about  $80/ton  if  you  can  find  a  nearby  salvor.  For  steam  production, 
however,  it  will  produce  about  $65/ton,  assuming  an  HHV  of  6000  Btu/lb, 

60%  boiler  efficiency,  and  a  steam  value  of  $9/MBtu.  Can  you  separate 
the  boxboard  and  deliver  it  to  the  salvor  for  less  than  the  differential 
:  of  $15/ton?  Also,  you  know  that  the  value  of  steam  will  doubtless  con- 

|  tinue  to  increase,  but  what  about  the  price  of  reclaimed  boxboard,  which 

has  always  been  very  volatile? 

Economic  Life  of  the  HRI  Plant 


Useful  economic  life  of  the  HRI  plant  was  specified  as  15  years  for 
the  standard  case  HRI  model  that  was  exercised  on  this  study.  This 
differs  from  the  25-year  lifespan  specified  in  P-AA2  for  steam 
generators  in  fossil  fuel  fired  systems,  which  inherently  offer  better 
longevity.  The  HRI  life  period  was  selected  based  on  the  experience 
operators  have  had  in  the  field  with  a  variety  of  HRI  configurations. 

Some  have  been  surveyed  in  a  few  years  (e.g..  Naval  Air  Station, 
Jacksonville)  while  others  have  been  steaming  well  in  excess  of  15  years. 

Because  the  HRI  Application  Guide  (Ref  1)  sets  out  design  guide¬ 
lines  for  an  optimally  configured  HRI,  it  can  be  assumed  that  considerably 
extended  plant  life  expectancies  will  result  for  those  in  the  Navy 
availing  themselves  of  this  technology.  For  that  reason  it  was  felt 
justifiable  to  exercise  the  standard  case  assuming  an  economic  life  of 
25  years.  The  results  are  shown  in  Figures  11  and  12.  As  expected, 
extending  the  economic  life  had  essentially  no  effect  on  payback  period 
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but  almost  commensurate ly  Increased  the  SIR  and  the  (SXR-related)  LCS  by 
the  same  fractional  amount  of  the  life  extension.  The  effect  on  LCC  was 
considerably  lower  (about  half)  because,  while  O&M  costs  were  extended 
another  10  years,  capital  costs  did  not  change. 

Discount  Rate 

The  discount  rate  is  the  minimum  attractive  rate  of  return  that  the 
Government  expects  on  their  money  spent  on  a  project.  Per  P-442,  10% 
has  been  used  for  several  years,  but  recent  trends  are  towards  the  use 
of  7%.  In  view  of  this  possible  change,  the  HRI  model  was  executed  at 
both  7  and  10%  discount  rates.  The  sensitivity  of  the  discount  rate  was 
found  to  be  rather  small  in  the  case  of  payback  period  but  increased  SIR 
by  24%  when  the  lower  discount  rate  was  applied.  These  data  are  shown 
in  Figure  13. 


FINDINGS  AND  CONCLUSIONS 
General  Findings 

The  11  parameters  selected  to  determine  their  degree  of  influence 
on  the  cost/benef its  of  an  HRI  plant  are  presented  in  Table  1.  The 
expectable  range  of  variation  these  parameters  may  operate  over  (cor¬ 
rected  for  general  inflation)  is  shown  together  with  the  degree  of  sen¬ 
sitivity  SIR  will  experience  when  these  variations  occur. 

Key  Parameters 

The  three  parameters  expected  to  vary  and  thereby  affect  the  economic 
characteristics  of  an  HRI  plant  the  most  are:  (1)  heating  value,  (2)  boiler 
thermal  efficiency  available  from  design,  and  (3)  differential  of  energy 
inflation  rate  with  respect  to  general  inflation.  These  parameters  can 
be  expected  to  have  both  a  moderate  to  high  degree  of  variation  and  a 
high  impact  on  SIR.  Although  other  parameters  may  exhibit  greater  influence 
on  SIR  per  unit  of  change,  the  overall  effect  of  these  parameters  on  the 
cost/benefits  of  the  HRI  plant  is  greater. 

Capital  Costs 

Capital  costs  and  the  cost  of  conventionally  generated  steam  both 
have  the  potential  for  significantly  altering  the  cost/benefits  of  an 
HRI  plant.  Any  trends  that  may  result  in  the  technological  lowering  of 
the  former  (corrected  for  inflation)  or  inflating  the  latter  will 
markedly  enhance  the  economic  attractiveness  of  the  HRI. 

Disposal  Costs 

Both  the  cost  of  solid  waste  disposal  and  the  differential  infla¬ 
tion  rate  of  that  service  with  respect  to  general  inflation  proved  to  be 
less  influential  in  the  HRI  cost/benefit  picture  than  was  expected. 
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Similarly,  SIR  exhibited  relatively  low  sensitivity  to  HRI  ash  outhaul 
cost  variations,  but  this  is  based  on  treating  the  ash  as  a  nonhazardous 
material,  a  categorization  that  may  prove  faulty. 

Uncertainties 

Assignment  of  appropriate  values  for  the  money  discount  rate  and 
the  facility  economic  life  was  an  uncertain  process.  Both  can  have  very 
strong  effects  on  the  economic  attractiveness  of  an  HRI  plant  and  should 
be  better  defined. 


RECOMMENDATIONS 
Capital  Costs 

Because  of  the  powerful  effect  capital  costs  have  on  the  economic 
viability  of  an  HRI  plant,  they  should  not  be  allowed  to  vary  upward 
through  the  inclusion  of  unnecessary  features,  redundancy,  control 
sophistication,  structural  overdesign,  etc.  Protect  your  investment 
through  the  inclusion  of  component  performance  guarantees  so  that 
fix-money  need  not  be  applied.  Be  sure  your  bidders  represent  the 
competitive  field  of  good  technology  purveyors  and  that  your  purchase 
specification  package  faithfully  follows  the  guidelines  in  Reference  1. 

Disposal  Costs 

There  is  no  magic  breakpoint  in  the  costs  for  solid  waste  out- 
haul/disposal  at  which  one  should  turn  to  the  HRI  Model  Users'  Manual. 

Rates  can  be  expected  to  increase  as  they  follow  general  inflation  and 
rise  sharply  when  new  landfills  come  on  line.  Anticipate  these  reloca¬ 
tions,  preferably  by  several  years,  by  running  the  HRI  Model  based  on 
expected  disposal  costs. 

Cost  of  Conventionally  Generated  Steam 

This  will  go  up  as  fossil  fuel  costs  increase  or  if  new  plant 
(replacement  or  add-on)  capacity  is  in  MCON  planning.  If  the  latter  is 
the  case,  determine  if  an  HRI  would  satisfy  the  service  required  and,  if 
so,  at  what  comparative  cost.  Fossil  fuel  other  than  coal  will  certainly 
increase  In  cost  enough  to  warrant  the  annual  exercise  of  the  HRI  Model. 

HRI  Thermal  Efficiency 

Because  of  lack  of  development  in  small  waterwall  HRI's,  the  HRI 
Application  Guide  necessarily  recommends  a  specific  configuration  of  the 
refractory-furnace  HRI,  a  device  considerably  lower  in  thermal  efficiency 
than  the  waterwall  system.  With  this  design  penalty  considered,  it  becomes 
very  important  to  specify  a  system  that  is  very  well  Insulated  and  that 
furnishes  average  residual  carbon  values  not  exceeding  3  vt-%.  A  minimum 
thermal  efficiency  of  60Z  must  be  guaranteed  for  a  suitable  operating 
term  (at  least  1  year)  based  on  testing  procedures  that  conform  to  ASTM 
Committee  E38.10  standards. 


Ash  Production 


Given  efficient  HRI  combustion  (low  residual  carbon),  the  quantity 
of  ash  output  by  an  HRI  will  largely  be  determined  by  the  composition  of 
the  fuel  and  the  degree  of  wetting  the  ash  experiences.  The  HRI  Appli¬ 
cation  Guide  does  not  recommend  the  use  of  a  dry  ash  handling  system  but 
instead  promotes  the  use  of  quench  tanks  for  handling  bottom  residues. 

Wet  ash  handling  results  in  the  leaching  of  metals  from  the  ash  and  this 
can  be  a  significant  economic  factor  when  considering  landfill  costs. 
Disposal  of  bottom/fly  ash  is  variously  regulated  and,  in  some  states, 
the  material  is  treated  as  hazardous  waste  (high  cost  disposal)  unless 
the  leachable  heavy  metals  are  below  certain  limits.  It  will  therefore 
be  important  to  learn  local  disposal  requirements  and  expected  future 
requirements.  If  ash  leaching  becomes  important,  the  ash  handling  system 
design  should  promote  it. 

Heating  Value  of  the  Fuel 


Because  the  HRI  Application  Guide  recommends  mass  firing  of  the 
received  solid  waste,  benef iciation  of  the  fuel  should  be  done  by  source 
separation  and  a  minimum  amount  of  hand  culling  at  the  HRI  plant.  Source 
separation  specifications  should  encourage  removal  of  valuable  inerts 
but  leave  combustibles  that  demonstrably  will  provide  a  better  financial 
return  when  fired  than  when  recycled.  Upgrading  the  calorific  value  of 
the  fuel  will  develop  the  economic  viability  of  the  HRI  system  significantly. 

Operating  Scenario 

The  HRI  Application  Guide  recommends  designing  an  HRI  that  will  be 
operated  continuously  over  a  5-day  work  week. 
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Table  1.  The  Degree  of  Variation  of  and  Sensitivity  of 
SIR  to  11  Techno-Economic  Parameters 


Parameter 

Expected 
Degree  of 
Variation 

SIR 

Sensitivity 

Capital  Cost 

Low 

Very  High 

Solid  Waste  Disposal  Cost 

High 

Moderate 

Cost  of  Conventionally  Generated  Steam 

Moderate 

High 

Differential  Energy  Inflation 

High 

Moderate 

Differential  Landfill  Disposal  Cost 

High 

Moderate 

Boiler  Thermal  Efficiency 

Moderate 

High 

Ratio  of  Ash  to  Waste  Input 

High 

Low 

Heating  Value 

High 

High 

Economic  Plant  Life 

Fixed  Value 

High 

Operating  Scenario 

As  Required 

N/A 

Money  Discount  Rate 

Fixed  Value 

Moderate 

Saving»-to-ln  vestment  Ratio/Payback  Period  (Years) 


I _ I _ I _ I _ I _ I 

0  10  20  30  40  50 

Cost  of  Solid  Waste  Disposal,  Doilars/Ton 


Figure  1.  Savings  to  investment  ratio  (SIR)  and  payback  period  versus 
capital  cost  and  solid  waste  disposal  cost  by  landfilling. 
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Figure  2.  HRI  discounted  life  cycle  cost  (LCC)  and  savings  (LCS)  versus 
HRI  capital  cost  and  solid  waste  disposal  cost  by  landfilling 
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Figure  7.  Discounted  life  cycle  cost  (LCC)  and  savings  (LCS)  versus 
ratio  of  wet  ash  to  solid  waste  and  HRI  thermal  efficiency 
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Figure  9.  Savings  Co  investment  ratio  versus  operating  scenario. 
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Figure  11.  Discounted  life  cycle  cost  (LCC)  and  savings  (LCS)  versus 
economic  life  and  input  waste  heating  value. 
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Figure  12.  Savings  to  investment  ratio  (SIR)  and  payback  period 
versus  economic  life  and  Btu/lb  waste  input. 
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SIR  10% 


Payback  7% 


Payback  10% 


Appendix  A 

DEFINITIONS  FOR  HRI  COST  AND  PERFORMANCE  REPORT 


The  cost  and  performance  report  presented  by  the  HRI  computer  model 
prints  out  22  parameters  which  may  be  useful  in  the  design  or  economic 
evaluation  of  a  Heat  Recovery  Incinerator.  This  appendix  presents  a 
discussion  of  how  each  output  parameter  is  calculated  and,  where  deemed 
necessary,  what  the  output  parameters  represent  as  economic  functions. 
The  definitions  are  listed  in  the  same  order  as  they  appear  in  the  HRI 
Cost  and  Performance  Report,  which  is  shown  at  the  end  of  Appendix  B. 


1.  INFLATED  PER  TON  COST  OF  DISPOSING  WASTE  OF  THE  TYPE  GENERATED  AT 
THE  SITE  TO  THE  LANDFILL— This  is  the  cost  of  hauling  (but  not 
collecting)  solid  waste  from  the  Navy  activity  to  the  landfill  and  dis¬ 
posing  of  it  there.  This  cost  is  inflated  at  the  specified  landfill 
inflation  rate  called  for  on  Screen  6. 

2.  INFLATED  PER  MBTU  COST  OF  THE  FOSSIL  FUEL  BOILER  TO  WHICH  THE  HRI  IS 
BEINC  COMPARED — This  is  the  cost  of  steam  to  the  activity  which  an 
existing  PWD  boiler  produces  or  which  the  activity  may  be  paying  for 
over-the-fence  service  from  a  commercial  producer,  whichever  service  is 
being  partly  or  wholly  displaced  by  the  HRI  plant.  This  value  is  inflated 
at  the  energy  inflation  rate  input  on  Screen  8. 

3.  TONS  OF  TRASH  BURNED  ANNUALLY— This  is  the  amount  of  solid  waste 
collected  annually  and  sent  to  the  HRI  plant  less  oversized  trash  and 
that  trash  that  must  be  diverted  to  landfill  during  outages  after  the 
storage  facility  has  filled. 

4.  MBTUS  PRODUCED  ANNUALLY  BY  THE  HRI  (CONSIDERING  NO  DOWNTIME)— This 
value  is  the  sum  of  steady  state  steam  production,  calculated  from  the 
energy  content  of  the  trash  and  any  other  fuels  burned  and  boiler 
thermal  efficiency  less  heat  losses  incurred  while  cooling  and  reheating 
the  furnace  following  scheduled  maintenance. 

5.  VIRGIN  FUEL  OFFSET  ANNUALLY  BY  THE  HRI  IN  BARRELS-OF-OIL-EQUIVALENT — 
This  is  the  amount  of  prime  fossil  fuel  saved  by  generating  the  quantity 
of  steam  produced  (Item  4  just  preceding)  in  the  HRI  assuming  no 
unscheduled  downtime.  The  MBtus  are  then  converted  to  the  standard  units 
of  barrels-of-oil-equivalent  (BOE) . 

6.  LANDFILL  SPACE  CONSERVED  ANNUALLY  BY  THE  HRI  IN  TONS— This  is  (1) 
the  amount  of  solid  waste  that  would  normally  be  hauled  to  landfill  if 
there  were  no  HRI  less  (2)  that  solid  waste  generated  by  the  HRI  (ash 
and  oversized  waste)  or  bypassing  it  due  to  outages. 

7.  COST  OF  USING  A  BOILER  TO  PRODUCE  THE  ANNUAL  NO-DOWNTIME  QUANTITY  OF 
STEAM  PRODUCED  BY  THE  HRI  AND  LANDFILLING  ALL  WASTE— This  is  the  sum  of 
the  inflated  costs  to  the  activity  for  generating  the  annual  no-downtime 
quantity  of  steam  produced  by  the  HRI  and  the  annual  cost  for  disposing 
of  all  the  activity’s  trash  at  a  landfill  without  the  benefits  of  an 
HRI. 


8.  INFLATED  TOTAL  CAPITAL  COST  OF  THE  HRI— This  is  the  capital  cost  of 
the  HRI  plant  (screen  2)  inflated  at  the  general  inflation  rate  from  the 
date  these  costs  were  estimated  to  the  time  the  project  Is  funded. 

9.  UNIFORM  ANNUAL  COST  OF  THE  HRI — This  is  the  sum  of  operating  costs 
for  the  entire  economic  life  of  the  facility  divided  by  the  years  of 
economic  life.  These  costs  take  into  account  the  cost  of  consumables, 
repair  parts,  sewer,  insurance,  pest  control,  labor,  project  lead  time 
costs,  expected  modifications,  residue  disposal,  and  downtime. 
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10.  ANNUAL  NO-DOWNTIME  COST  OF  THE  HRI— This  cost  is  the  same  as  the 
item  just  preceding  except  that  downtime  costs  are  excluded. 

11.  DISCOUNTED  LIFE  CYCLE  COST  OF  USING  A  BOILER  TO  PRODUCE  THE  LIFE 
CYCLE  NO-DOWNTIME  QUANTITY  OF  STEAM  PRODUCED  BY  THE  HRI  AND  LANDFILLING 
ALL  WASTE — This  is  the  total  cost  of  landfilling  all  waste  and  using  a 
conventional  boiler  to  produce  the  no-downtime  steam  generated  by  the 
HRI  both  over  the  entire  economic  life  of  the  HRI  facility.  This  com¬ 
bined  cost  is  discounted  per  the  rate  input  by  the  user  on  Screen  1. 

12.  DISCOUNTED  LIFE  CYCLE  COST  OF  THE  HRI— This  is  the  Uniform  Annual 
Cost  of  an  HRI  (Item  9  above)  discounted  over  the  economic  life  of  the 
project  at  the  rate  specified  on  Screen  1. 

13.  DISCOUNTED  LIFE  CYCLE  COST  OF  AUXILIARY  FUELS  USED  BY  THE  HRI— This 
is  the  annual  costs  for  auxiliary  fuels  that  are  burned  in  the  HRI  dis¬ 
counted  over  the  economic  life  of  the  HRI. 

14.  DISCOUNTED  LIFE  CYCLE  COST  OF  NONCOMBUSTIBLE  WASTE,  ASH,  AND 
SCHEDULED  DOWNTIME  WASTE  DISPOSAL— This  is  the  annual  cost  of  landfill 
disposal  of  oversized  waste  and  ash  from  the  HRI  and  ordinary  waste 
diverted  from  the  HRI  during  scheduled  downtimes.  This  cost  is  dis¬ 
counted  over  the  economic  life  of  the  project. 

15.  DISCOUNTED  LIFE  CYCLE  COST  OF  HRI  DOWNTIME— This  is  the  discounted 
life  cycle  cost  of  the  annual  waste  tonnage  diverted  to  landfill  because 
of  unscheduled  outages  multiplied  by  the  savings  for  no-downtime  HRI 
operation  realized  per  ton  of  waste  fired.  The  latter  is  expressed  as 
the  annual  no-downtime  firing  rate  divided  into  the  difference  between 
Items  7  and  10. 

16.  DISCOUNTED  LIFE  CYCLE  COST  OF  THE  HRI  PER  TON  OF  WASTE  FIRED— This 
is  the  life  cycle  cost  of  the  HRI  (Item  12)  divided  by  the  product  of 
actual  (all  outages  included)  annual  trash  incinerated  and  the  years  of 
economic  life  of  the  HRI. 

17.  DISCOUNTED  LIFE  CYCLE  SAVINGS  OF  THE  HRI  PER  TON  OF  WASTE  FIRED— 
This  is  the  discounted  LC  HRI  savings  (see  Item  20  below)  divided  by  the 
product  of  actual  (all  outages  included)  annual  trash  incinerated  and 
the  economic  life  of  the  HRI. 

18.  DISCOUNTED  LIFE  CYCLE  COST  OF  THE  HRI  PER  MBTU  PRODUCED— This  is 
the  HRI  life  cycle  cost  (Item  12)  divided  by  the  total  energy  produced 
over  the  economic  life  of  the  HRI,  including  that  for  steady  state 
steaming,  reheating  the  furnace  and  while  turned  up  above  nameplate 
rating. 

19.  DISCOUNTED  LIFE  CYCLE  SAVINGS  OF  THE  HRI  PER  MBTU  PRODUCED— This  is 
the  Life  Cycle  Savings  of  the  HRI  (Item  20,  next  below)  divided  by  the 
same  energy  term  used  in  Item  18. 


20.  DISCOUNTED  LIFE  CYCLE  SAVINGS  OF  THE  HRI— This  is  the  energy,  land¬ 
fill  costs,  and  other  savings  (or  losses)  accrued  by  the  HRI  over  its 
economic  life  and  discounted  to  furnish  an  annual  rate. 

21.  HRI  SAVINGS-TO- INVESTMENT  RATIO— This  is  the  ratio  of  Item  20  to 
the  Discounted  Cost  of  Lead  Time  Expenditures,  including  inflated  capital 
costs  and  A&E  charges. 

22.  PAYBACK  PERIOD  IN  YEARS— This  is  the  time  elapsed  wherein  the 
cumulative  savings  just  exceed  the  Discounted  Cost  of  Lead  Time  Expendi¬ 
tures  . 
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Title 

Discounted  Life  Cycle  Cost  F(x) 

vs  Capital  Cost 

Discounted  Life  Cycle  Savings  F(x) 

vs  Capital  Cost 

HR1  Savings-to-Investment  F(x) 

Ratio  vs  Capital  Cost 

Payback  Period  in  Years  F(x) 

vs  Capital  Cost 

Discounted  Life  Cycle  Cost  vs  F(x) 

Cost  of  Solid  Waste  Disposal 

Discounted  Life  Cycle  Savings  F(x) 

vs  Cost  of  Solid  Waste 
Disposal 

HRI  Savings-to-Investment  F(x) 

Ratio  vs  Cost  of  Solid  Waste 
Disposal 

Payback  Period  in  Years  vs  F(x) 

Cost  of  Solid  Waste  Disposal 

Discounted  Life  Cycle  Cost  vs  F(x) 

Btu/lb  Waste  Input 

Discounted  Life  Cycle  Savings  F(x) 

vs  Btu/lb  Waste  Input 

HRI  Savings-to-Investment  F(x) 

Ratio  vs  Btu/lb  Waste  Input 

Payback  Period  in  Years  vs  F(x) 

But /lb  Waste  Input 

Discounted  Life  Cycle  Cost  vs  F(x) 

HRI  %  Thermal  Efficiency 

Discounted  Life  Cycle  Savings  F(x) 

vs  HRI  X  Thermal  Efficiency 


Equation 

0.6637x  ♦  3,397,650 

0.2319x  ♦  5,604,340 

0. 64246xa  -  4.0872x  +  8.99 

1.8095  E-6x  +4.9 

84,81  lx  ♦  3,519,339 
84,469x  +  4,824,225 

0.04488x  +  2.5672 

0.0002904x2  -  0.051311x  +  9.3353 
194x  +  3,822,335 
1 , 098x  +  601,620 

0.00058x  +0.34 

1.7929  E-7 x2  -  2.5324  E-3x  +  16.9126 
17,635x  +  3,821,550 
99,871x  +  598,318 


HRI  Savings-to-Investment  F(x) 

Ratio  vs  HRI  %  Thermal 
Efficiency 

Payback  Period  in  Years  vs  F(x) 

HRI  %  Thermal  Efficiency 

Discounted  Life  Cycle  Cost  vs  F(x) 
Economic  Life  (yr) 

Discounted  Life  Cycle  Savings  F(x) 
vs  Economic  Life  (yr) 

Savings-to-Investment  Ratio  F (x) 

vs  Economic  Life  (yr) 

Payback  Period  in  Years  vs  F(x) 

Economic  Life  (yr) 

Discounted  Life  Cycle  Cost  vs  F(x) 
Wet  Ash/Waste  Burned  (tons) 

Discounted  Life  Cycle  Savings  F(x) 
vs  Wet  Ash/Waste  Burned 
(tons) 

Savings-to-Investment  Ratio  F(x) 

vs  Wet  Ash/Waste  Burned 
(tons) 

Payback  Period  in  Years  vs  F(x) 

Wet  Ash/Waste  Burned  (tons) 

Discounted  Life  Cycle  Cost  vs  F(x) 
Differential  Energy 
Inflation  Rate 

Discounted  Life  Cycle  Savings  F(x) 
vs  Differential  Energy 
Inflation  Rate 

Savings-to-Investment  Ratio  vs  F(x) 
Differential  Energy 
Inflation  Rate 


*=  0.053333x  +  0.30668 

=  0.0020388X2  -  0.29279x  +  18.636 
=  -3,277.7x2  +  1,254, 993x  +  2,192,255 
=  -5,308.6x2  +  2,119,500x  +  576,563 
=  -0.0027639x2  +  1.10726x  +  0.312376 
«  0.002484X2  -  0.84773X  +  9.1176 
=  1 ,657,804x  +  4,045,456 

*  -l,657,804x  +  6,837,224 

=  -0.88572x  +  3.6385 

-  37.682x2  -  109. 94x  +  8.2985 

-  2,998.6x2  +  21 ,599x  +  4,608,500 

*  38,594x2  +  277 ,932x  +  4,701,580 

=  0.020694x2  +  0.14628x  +  1.9912 


Title  Equation 

Payback  Period  in  Years  vs  F(x)  =  0.022243xa  -  0.49262x  +  10.640 

Differential  Energy 
Inflation  Rate 

Discounted  Life  Cycle  Cost  vs  F(x)  =  7,562. lx2  +  54,451x  +  4,330,150 
Differential  Landfill 
Inflation  Rate 

Discounted  Life  Cycle  Savings  F(x)  =  8,779.7x2  +  63,233x  +  5,555,564 
vs  Differential  Landfill 
Inflation  Rate 

Savings-to-Investment  Ratio  vs  F(x)  =  0.0053142x2  +  0.026382x  +  2.9752 
Differential  Landfill 
Inflation  Rate 

Payback  Period  in  Years  vs  F(x)  *  -0.0006433x2  -  0.052187x  +  9.01002 

Differential  Landfill 
Inflation  Rate 

Savings-to-Investment  Ratio  vs  F(x)  =  -0.25666x  +  5.8066 
Discount  Rate 

Payback  Period  in  Years  vs  F(x)  *  0.066665x  +  8.03335 

Discount  Rate 
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Library,  Yokosuka  JA;  Tech  Lib  (Code  154).  Great  Lakes.  IL;  Tech  Library.  Subic  Bay.  RP 
USCG  Library  Hqs  Washington.  DC 
USCG  R&D  CENTER  Library  New  London.  CT 

USNA  ENGRNG  Div.  PWD.  Annapolis  MD;  Energy-Environ  Study  Grp.  Annapolis.  MD 
USS  JASON  Repair  Officer.  San  Francisco.  CA 
L.I.  DIMMICK  CORP  J  Ertmann.  Oxnard.  CA 


DISTRIBUTION  QUESTIONNAIRE 

The  Naval  Civil  Engineering  Laboratory  is  revising  its  primary  distribution  lists. 


SUBJECT  CATEGORIES 

1  SHORE  FACILITIES 

2  Construction  methods  and  materials  (including  corrosion 

control,  coatings) 

3  Wa  tar  front  structural  (maintananct/dtttrioration  control) 

4  Utilitias  (including  power  conditioning) 

5  Explosives  safety 

6  Construction  equipment  end  machinery 

7  Fire  prevention  and  control 

8  Antenna  technology 

9  Structural  analysis  and  design  (including  numerical  and 

computer  techniques) 

10  Protective  construction  (including  hardened  shelters, 

shock  and  vibration  studies) 

1 1  Soil/rock  mechanics 

13  BED 

14  Airfields  and  pavements 

15  ADVANCED  BASE  AND  AMPHIBIOUS  FACILITIES 

16  Bate  facilities  (including  shelters,  power  generation,  water  supplies) 

17  Expedient  roads/airfields/bridges 

18  Amphibious  operations  (including  breakwaters,  wave  forces) 

19  Over* the* Beach  operations  (including  containerization. 

materiel  transfer,  lighterage  and  cranes) 

20  POL  storage,  transfer  and  distribution 
24  POLAR  ENGINEERING 

24  Same  as  Advanced  Base  and  Amphibious  Facilities, 
except  limited  to  cold-region  environments 


TYPES  OF  DOCUMENTS 

89  Techdatt  Sheets  86  Technical  Reports  and  Technical  Notes 

89  Table  of  Contents  8t  Index  to  TDS 


28  ENERGY/POWER  GENERATION 

29  Thermal  conservation  (thermal  engineering  of  buildings,  w VAC 

systems,  energy  loss  measurement,  power  generation) 

30  Controls  and  electrical  conservation  (electrical  systems, 

energy  monitoring  and  control  systems) 

31  Fuel  flexibility  (liquid  fueis.  coal  utilization,  energy 

from  solid  waste) 

32  Alternate  energy  source  (geothermal  power,  photovoltaic 

power  systems,  solar  systems,  wind  systems,  energy  storage 
systems) 

33  Site  date  and  systems  integration  (energy  resource  date,  energy 

consumption  date,  integrating  energy  systems) 

34  ENVIRONMENTAL  PROTECTION 

35  Solid  waste  management 

36  Hezardous/toxic  materials  management 

37  Wastewater  management  end  sanitary  engineering 

38  Oil  pollution  removal  and  recovery 

39  Air  pollution 

40  Noise  abatement 

44  OCEAN  ENGINEERING 

45  Seafloor  soils  and  foundations 

46  Seafloor  construction  systems  and  operations  (including 

diver  and  manipulator  tools) 

47  Undersea  structures  end  materials 

48  Anchors  and  moorings 

49  Undersea  power  systems,  electromechanical  cables. 

and  connectors 

50  Pressure  vessel  facilities 

51  Physical  environment  (including  silt  surveying) 

52  Ocean-based  concrete  structures 

53  Hyperbaric  chambers 

64  Undersea  cable  dynamics 

82  NCEL  Guide  It  Updates  □  None- 

91  Htyucaf  Security  rrmov*  my  n« 
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INSTRUCTIONS 


The  Naval  Civil  Engineering  Laboratory  has  revised  its  primary  distribution  lists.  The  bottom  of 
the  mailing  label  has  several  numbers  listed.  These  numbers  correspond  to  numbers  assigned  to  the  list  of 
Subject  Categories.  Numbers  on  the  label  corresponding  to  those  on  the  list  indicate  the  subject  category  and 
type  of  documents  you  are  presently  receiving.  If  you  are  satisfied,  throw  this  card  away  (or  file  it  for  later 
reference). 

If  you  want  to  change  what  you  are  presently  receiving: 

•  Delete  -  mark  off  number  on  bottom  of  label. 

•  Add  -  circle  number  on  list. 

•  Remove  my  name  from  all  your  lists  —  check  box  on  list. 

•  Change  my  address  -  line  out  incorrect  line  and  write  tn  correction  (ATTACH  MAILING  LABEL). 

•  Number  of  copies  should  be  entered  after  the  title  of  the  subject  categories  you  select. 

Fold  on  line  below  and  drop  in  the  mail. 

Note:  Numbers  on  label  but  not  listed  on  questionnaire  are  for  NCEL  use  only,  please  ignore  them. 


Fold  on  line  and  staple. 
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